Susceptibility of the third larval instar of the rhinoceros beetle, Oryctes agamemnon (Burmeister) (Coleoptera: Scarabaeidae), to the infection with three native entomopathogenic fungi (EPFs), Beauveria bassiana, Metarhizium anisopliae, and Lecanicillium lecanii, was determined under laboratory conditions. Three concentrations (10 4 , 10 6 , and 10 8 conidia/ml) of each EPF isolate were tested. Respective mortality rates of the larvae reached 34.2, 48.1, and 55.5% for B. bassiana, 39.5, 57.4, and 60.8% for M. anisopliae, and 17.4, 26.4, and 29.2% for L. lecanii. Mycosis test was performed to confirm the fungal infection of dead larvae. The LT 50 values for O. agamemnon larvae were 9.9 and 11.3 days, for the concentration which achieved 50% mortality for B. bassiana and M. anisopliae, respectively. The proteolytic activity of the three EPFs was investigated under different factors (incubation periods, temperature, and pH of fungal cultures). The results showed that the maximum activity of protease, produced by the three EPFs, was recorded after 6 days of incubation periods at 28°C, in a medium initially adjusted to pH 6.
Background
Date palms, Phoenix dactylifera L., are attacked by several insect pests. Among these insects, several species of the genus Oryctes (Coleoptera: Scarabaeidae), such as Oryctes elegans, O. agamemnon, and O. rhinoceros, infesting the date palm orchards of many Arabian countries (Khalaf et al. 2013; Ibrahim 2017) . In the past few years, rhinoceros beetles, Oryctes spp., have been recorded as major pests of different date palm varieties. The most widespread species is O. agamemnon (Burmeister), which is a root borer in its larval stage and a frond borer in the adult stage. Both adults and larvae of Oryctes are particularly troublesome, principally during the establishment of young date palm orchards (Ibrahim and Alahmadi 2015) . The larvae feed on roots and rotten woods, whereas adults feed on the plant's sap and fruits. Development of the larvae is long and may extend for several years in some species (Bedford 1980) . At present, the management of O. agamemnon in date palm orchard is either non-existent (by small scale farmers) or relies on the application of insecticides in large areas, such as carbofuran and certain biocontrol agents (Zelazny et al. 1992) . Several studies were carried out to control Oryctes either through using botanicals (Ibrahim and Alahmadi 2015) or determination of distinct endosymbiotic community structure and its possible biological functions within the insect to conclude basic information for future pest control (El-Sayed and Ibrahim 2015) . Recently, certain entomopathogenic fungi such as Beauveria bassiana, Metarhizium anisopliae, and Lecanicillium lecanii have been applied against Oryctes and resulted in satisfactory mortalities to both adults and larvae of the pest (Ibrahim 2017) .
Entomopathogenic fungi (EPFs) produce a variety of degrading enzymes, including proteases, chitinases, and lipases, to facilitate the entry through the massive barriers of insect cuticle. These fungi varied in their proteolytic activity and virulence. The proteolytic activity of different isolates has reflected their virulence to the host (Zare et al. 2014) . EPFs enter the insect's body mainly through their integument (Balachander et al. 2012) . The insect cuticle comprises up to 70% protein, thus extracellular fungal proteases are particularly important for the penetration process (Petrisor and Stoian 2017) . The three common EPFs, B. bassiana, M. anisopliae, and L. lecanii (formerly known as Verticillium lecanii), produce a variety of extracellular hydrolytic enzymes in liquid cultures. Recent evidence indicates that the different species or isolates of the EPFs exhibited variation in the production of cuticle-degrading proteases (Dhar and Kaur 2010; Zare et al. 2014; Dhawan and Joshi 2017) . Isolates with high proteolytic activity have high virulence against their host. For instance, Zare et al. (2014) evaluated the virulence and proteolytic activity of 17 native isolates of B. bassiana and found that mortalities caused by such isolates ranged 25-60%. A wide variation in both proteolytic activity and virulence among the isolates were recorded.
The present study was carried out to evaluate the virulence and proteolytic activity of the three native entomopathogenic fungi (EPFs) namely, B. bassiana, M. anisopliae, and L. lecanii, against the third larval instar of O. agamemnon under laboratory conditions.
Materials and methods

Isolation of entomopathogenic fungi
The EPFs were isolated from rhizosphere soil of palm trees collected from an infested date palm orchard, approximately 80 km north of Al Madinah region of Saudi Arabia. Soil samples were collected from different locations. The samples were placed in sterilized polyethylene bags and stored at 4°C until fungal analysis.
Selective medium used for isolation of entomopathogenic fungi
Selective medium (DOC2) containing 3 g peptone, 0.2 g CuCl 2 , 2 mg crystal violet, 0.5 g chloramphenicol, 50 g oat, and 15 g agar which required for isolation of the EPFs from the soil was used (Liu et al. 2015) .
Identification of fungi
The EPFs recovered from the above medium were investigated, using a light microscope, for characteristics of their vegetative and reproductive structures such as hyphal color and structures and shape and size of conidia and conidiophores (Humber 1997) .
Preparation of spore suspensions
The EPFs, B. bassiana, M. anisopliae, and L. lecanii, were cultured on potato dextrose agar (PDA) medium for 10 days at 25°C. Spores were harvested from the surface of cultures by scraping and used for preparation of spore suspensions (distilled water containing 0.1% Tween 80). The spore concentrations were calibrated to 1 × 10 4 , 1 × 10 6 , and 1 × 10 8 spores/ml using a hemocytometer. These suspensions represented the stock for insect treatment.
Insects
Larvae of O. agamemnon were collected from an infested date palm orchard, and the third larval instar was dominant in the samples. The larvae were kept in sterilized plastic containers. In order to minimize any potential insecticide residual effect and to avoid possible infections from the field, larvae were kept in the laboratory for 1 week prior to treatment with EPFs. Bioassays were carried out under laboratory conditions. Groups of 10 larvae were reared in plastic containers half-filled with moist soil and shredded fragments of palm roots.
Treatment of the third instar O. agamemnon larvae with EPF isolates
Three conidial concentrations (1 × 10 4 , 1 × 10 6 , and 1 × 10 8 conidia/ml) of each EPF were assayed against the third instar larvae of O. agamemnon. Since white grubs prefer soil with loamy or sandy textures, the test soil was taken from a 30-50-cm depth in palm orchards and heat-sterilized at 160°C for 2 h in an oven. Then, sterile water was added to the heat-sterilized soil to reach 17% moisture content (Nong et al. 2011) . Larval infection's procedures and tools of Nong et al. (2011) and Ibrahim (2017) were adopted with minor modification. Ten O. agamemnon larvae were placed in a plastic container (five replicates). A control treatment was also used in each bioassay. The plastic containers were kept for 30 days at (23 ± 2°C, 60-75% RH). Each container was checked daily for dead larvae. For each EPF isolate, the infection percentage of O. agamemnon larvae was corrected for mortality, according to Abbott (1925) . In order to confirm mycosis, dead larvae were counted, moved to Petri dishes furnished with a moistened filter paper, and incubated at 25 ± 2°C for 10 days, and the developed fungi were examined and identified (mycosis test).
Proteolytic activity of the EPF isolates Screening of EPF isolates for protease activity
The tested three fungi were screened for their abilities to produce extracellular protease enzyme. Fifty milliliters of casein yeast extract broth with ingredients (grams per liter) casein 30.0, yeast extract 4.0, dipotassium phosphate, 0.5 and dextrose 2.0 (pH at 25°C, 7.2 ± 0.2) was dispensed into a 250-ml Erlenmeyer conical flasks and autoclaved for 15 Saleem and Ibrahim Egyptian Journal of Biological Pest Control (2019) 29:21 Page 2 of 8 min at 1.5 atm. Each flask was inoculated with two agar mycelial discs (10-mm diameter) of tested fungi obtained from 7-day-old cultures growing on the same agar medium. Cultures were incubated at 28°C for 7 days. Then the mycelium was harvested by filtration. Filtrates were centrifuged at 5000 rpm for 10 min, and the supernatants were assayed for proteolytic activity, according to the method of casein agar cup plate clearing zone assay (El-Gendy 1966) as follows: aliquots of 0.2 ml of the above filtrate was dropped into 10-mm cavities previously made in the above solid medium. After 48 h of incubation at 28°C, the plates were folded with 5% trichloroacetic acid solution.
The average diameter of clear zone (in millimeter) of triplicate was measured.
Effect of different factors on the proteolytic activity of EPF isolates
The effect of different factors on the proteolytic activity of the EPF was measured. These factors included incubation periods, temperature, and pH of fungal cultures. For incubation periods, 50 ml of the casein yeast extract broth was inoculated by two mycelial discs (10-mm diameter) of fungi and incubated at 28°C . The cultures were harvested at 48 h intervals. For temperature, 50 ml of medium was inoculated by two mycelial discs of fungi and incubated at different temperatures (20, 24, 28, 32, 36, or 40°C) . For pH, the initial pH of the casein yeast extract broth was adjusted to different values ranging from 4 to 9 and inoculated with two mycelial discs of fungi. The cultures were incubated at 28°C for 6 days. The cultures were filtered and centrifuged at 5000 rpm for 10 min. The clear supernatants were assayed for protease activity. All experiments were done in three replicates.
Assay for protease activity
Protease activity was determined according to the method described by Sumantha et al. (2006) . This method is based on casein hydrolysis in which casein is used as a substrate. The release of soluble tyrosine was estimated by Folin reagent. The activity was calculated from the difference between the control and the experimental titration values. Enzyme activity was expressed by units of L-tyrosine liberated during the reaction. The units were determined by a standard curve early constructed, using different concentrations of L-tyrosine.
Statistical analysis
Statistical analysis of data was carried out by one-way analysis of variance. The means and standard error were separated by Tukey's honest significant difference test (P < 0.05), using Biostat 2008 statistical analysis program (Copyright© 2001 -2009 .
Results and discussion
Virulence of EPF isolates against the third instar O. agamemnon larvae
The tested EPF isolates differed in their virulence to the larvae of the pest (Table 1) . Their efficacy against the third instar O. agamemnon larvae increased significantly by increasing concentration and elapsed time (P ≤ 0.05) (up to 4 weeks after treatment). For example, on the seventh day after treatment, mortality rates of the larvae recorded 21.3, 16.6, and 10.1% at the concentration of 1 × 10 8 conidia/ml of M. anisopliae, B. bassiana, and L. lecanii, respectively (Table 1) . Whereas, after 28 days of treatment at the same concentration, the respective accumulated mortality recorded 60.8, 55.5, and 29.2%. In a similar study, using commercial formulations of B. 12.3* ± 2.3 24.5* ± 3.1 32.9* ± 3.1 39.5* ± 3.7 1 × 10 6 16.9* ± 3.1 33.6* ± 3.5 44.2* ± 4.2 57.4* ± 3.2 1 × 10 8 21.3* ± 3.6 40.8* ± 4.6 51.1* ± 3.5 60.8* ± 2.6
Lecanicillium lecanii 1 × 10 bassiana and M. anisopliae against the larvae of O. agamemnon (Ibrahim 2017) , mortality rates reached 9.7 and 16.5% on the fifth day after treatment, respectively. In comparison, native isolates were more virulent than commercial formulations of the same EPF species (Ibrahim 2017). A commercial product based on M. anisopliae was tested by Pernfuss et al. (2005) against a scarab species, Phyllopertha horticola, where it recorded 14% larval mortality. It could be concluded that native species, as expected, to be well adapted to local conditions. Similarly, in Malaysia, Azmi et al. (2016) tested native isolates against termites and reported that M. anisopliae was the most virulent one, followed by strains of B. bassiana and Paecilomyces sp. at 10 7 concentration. The efficacy of EPFs was increased by increasing the concentration and elapsed time. M. anisopliae infected the larvae of O. agamemnon significantly faster, followed by B. bassiana and L. lecanii. Regarding the accumulated mortality rate at the concentration 1 × 10 8 conidia/ml on the 28th day after treatment, M. anisopliae was the most effective one, recording 60.8%, followed by those of B. bassiana and L. lecanii that achieved 55.5 and 29.2%, respectively (P ≤ 0.05). In Iraq, in comparison, a 100% mortality was achieved by two local isolates namely, M. anisopliae and B. bassiana against the larvae of O. agamemnon arabicus (Khudhair et al. 2015) .
In a similar study, 12 isolates of B. bassiana, M. anisopliae, and Isaria fumosorosea were tested against the third instar larvae of Plagiodera versicolora in the laboratory and B. bassiana achieved 100% mortality (Demir et al. 2013) . Similarly, Berón and Diaz (2005) recorded a higher virulence of B. bassiana than other isolates against certain soil-dwelling insect pests. The variations among EPFs efficacy may be due to either differences in conidial viability and concentrations, rates of inducing proliferation, or the susceptibility of pest or its enzymatic activity (Mondal 2016) . Zhang et al. (2011) found a positive correlation between germination, growth rate, and sporulation of B. bassiana and its virulence to red turpentine beetle larvae. Moreover, proteins of the P450 family were identified as necessary for cuticle degradation (Pedrini et al. 2010; Zhang et al. 2012 ).
Morphological observations of EPFs mycelial growth
The first symptoms of disease were observed in O. agamemnon larvae about 6 to 7 days after infection. The EPFs had most commonly penetrated the larvae directly through the intersegmental areas. Prior to host death of the larvae, the EPFs developed sparsely within the body cavity and some hyphae radiated inward from the point of ingress (Fig. 1) . Hyphal bodies were concentrated near the point of ingress, but a few were found remote from this site. After the death of the larvae, the EPFs developed the saprophytic phase rapidly. During the saprophytic phase, the emergence of conidiophores appeared unrestricted in its points of emergence from the host and seemed to rupture the cuticle by mechanical pressure on egress. The sporulation was realized 24-48 h after emergence. Generally, the sign of penetration of the larval cuticle by M. anisopliae appeared faster than B. bassiana and L. lecanii. After the penetration, the EPFs appeared to break through the cuticle and conidia emerged on the surfaces of the cadavers (Fig. 1 ).
LT 50 of tested EPFs against the third instar larvae of O. agamemnon
The LT 50 values of the third instar O. agamemnon larvae ranged from 9.9 to 11.3 days for the tested concentrations of M. anisopliae and B. bassiana that caused 50% mortality, respectively (Table 2 ). However, since the mortality rate of the third instar larvae, treated with L. lecanii, was lower than 50%. It was not calculated at the concentration of 10 8
. In a similar study, Khudhair et al. (2015) reported that the LT 50 value for O. agamemnon arabicus larvae treated with B. bassiana was 12.75 days. Latifian and Rad (2012) found that the LT 50 in adults of O. elegans ranged 7.21-11.62 days for B. bassiana, 6.45-10.12 days for B. brongniartii, and 6.05-10.89 days for M. anisopliae.
Proteolytic activity of EPF isolates
In terms of protease production, M. anisopliae was the most active fungal isolate among the tested ones. M. anisopliae produced 37-mm clear zone diameter, followed by B. bassiana (32 mm ⌀), and L. lecanii (25 mm ⌀) using casein as substrate (Fig. 2) . Proteolytic activity of the three EPF isolates was similar to that reported by Petlamul and Prasertsa (2012) . Different assays were performed to detect protease production by EPFs in cultures (Ali et al. 2011: Dhawan and Joshi 2017) . The high level of protease activity was detected in the culture filtrate of M. anisopliae (Petrisor and Stoian 2017) and B. bassiana (Donatti et al. 2008) . As expected, the highest proteolytic activity isolate was the most virulent one against O. agamemnon larvae. Effect of limiting factors on the proteolytic activity of EPF isolates
Effect of incubation period
Proteolytic activity of the EPFs tested was affected by the incubation time of fungal cultures. Protease activity of the isolates was variable with different incubation periods. Maximum protease activity was achieved after 6 days of incubation for B. bassiana (2.61 U/ml), L. lecanii (2.49 U/ml), and M. anisopliae (2.97 U/ml). The enzyme activity decreased when the incubation periods decreased or increased above the optimum time (Fig. 3) .
The obtained results were in agreement with those reported by Khan et al. (2012) . They screened the proteolytic activity of six EPF isolates, three isolates from each of B. bassiana and V. lecanii. They found that the optimum incubation period for protease activity was 4-6 days. Recently, Dhawan and Joshi (2017) recorded the maximum protease activity of B. bassiana to be 6-8 days of incubation.
Effect of temperature
The proteolytic activity of the tested EPFs was greatly influenced by incubation temperature of fungal cultures. The effect of temperature on the proteolytic activity was variable. The optimum temperature for all fungi tested was 28°C: B. bassiana (2.78 U/ml), L. lecanii (2.41 U/ml), and M. anisopliae (2.96 U/ml). Decreasing or increasing the temperature below or above the optimum degree decreased the enzyme activity by all tested fungi (Fig. 4) . In this respect, Ali et al. (2011) reported that the optimum temperature of protease activity for M. anisupliae was 35°C.
Effect of pH
The proteolytic activity of the tested EPFs was affected by the hydrogen ion concentration of fungal cultures. Protease activity was varied by different pH values. The optimum pH for protease activity of EPFs was 6: B. bassiana (2.87 U/ml), L. lecanii (2.63 U/ml), and M. anisopliae (3.14 U/ml). The enzyme activity decreased with shifting the pH to more acidic or alkaline medium by the all tested fungi (Fig. 5) . The obtained results were similar to those of Mishra et al. (2013) . They recorded a maximum activity of protease produced by a native B. bassiana to be at pH 5-6. However, Ali et al. (2011) reported that the optimum extracellular protease activity of M. anisopliae was at pH 8. On the other hand, Hasan et al. (2013) revealed that the highest proteolytic activity of the Verticillium lecanii was at pH 7-9.
Conclusion
In the study, M. anisopliae was the most virulent native EPFs against the third instar larvae of O. agamemnon compared to B. bassiana and L. lecanii. However, field trial should be conducted as the efficacy between laboratory and field conditions could greatly differ. Selecting an appropriate fungal isolate was highly relevant in controlling O. agamemnon larvae, particularly if used as part of an integrated pest management strategy. The variation observed in virulence among EPFs offers an opportunity to better understand the molecular and genetic mechanisms that drive this variation. However, more studies are needed than one way of application of EPF isolates under orchard conditions.
